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This paper contains a discussion of the radio 
frequency system for a set of storage rings 
which may be added to the CERN proton 
synchrotron (CPS). The storage ring project 
has been originally proposed by Hereward, 
Johnsen, Schoch and Zilverschoon [1]. A more 
recent description is given by de Raad [2). 
The only storage ring parameters relevant to 
this discussion are the average radius, the tran­
sition energy and the radial aperture available 
for stacking — or the corresponding momentum 
spread. The following values will be used for 
computing numerical examples throughout 
this discussion: 
Mean radius, R ... 150 m 
Transition energy over particle rest 
energy, γt ... 9.11 
Available width for stacking ... 6 cm 
Corresponding fractional momentum 
spread, (∆p/p)s ... 2.7% Distance from injection orbit to bottom 
of stack ... 3 cm 
Corresponding fractional momentum vari­
ation, (∆p/p)i ... 1.3% 
The purpose of the RF system is to trap the 
beam that has been transferred from the syn­
chrotron, to accelerate it from the injection 
orbit to the stacking orbit and to deposit it 
there. The object is to carry out the whole 
process with a phase space efficiency (defined 
as the particle density in phase-space within 
the stack to that in the injected beam) as 
close as possible to one, during the time avai­
lable between subsequent pulses arriving from 
the synchrotron. 
2. PARAMETERS IMPOSED BY 
THE PROPERTIES OF 
THE SYNCHROTRON INJECTOR 
Since the storage rings are filled from an 
existing accelerator with given parameters 
some of the basic parameters of the storage 
ring RF system can be fixed at once. First 
of all, in order to build up a stacked beam as 
quickly as possible under all circumstances, 
it is very desirable that the RF system is able 
to complete a full cycle of acceleration and 
stacking in a time not longer than the CPS 
cycle time, which is 3 s at 25 GeV or 5 s at 
28 GeV. However, twice this time is permissib­
le, whenever both rings are filled simultaneously, 
with alternate pulses from the synchrotron. 
Secondly, it appears to be safest, and most 
convenient, to transfer the bunches that are 
already existing in the CPS directly to the 
storage ring and to capture them in synchro­
nized buckets by means of a phase lock system. 
This means that the frequency of the storage 
ring must be equal to that of the CPS, i. e. 
9.55 MHz at maximum energy. Since the har­
monic number of the CPS is 20 and the ave­
rage radius of the storage ring is assumed to be 
1.5 times larger than that of the CPS, the 
harmonic number for the storage ring is 
h = 30. In addition, the bunches have to be 
matched to the buckets, i. e. the bunch boun­
dary must correspond to a bucket trajectory. 
However, this requirement imposes no further 
restrictions on the storage ring RF system 
because the bunch can be shaped in the synchro­
tron, before it is transferred to the storage ring, 
to match any desired bucket shape. 
Since 10 out of the 30 storage ring buckets 
remain unoccupied in this scheme, the sta­
cking efficiency can never exceed as long 
as only one CPS pulse is stacked each time. 
One may try to improve this, as has been pro­
posed by K. Johnsen, by holding a first injec­
ted pulse, bunched, at the injection orbit 
by means of the RF system until one can fill 
the gap by a second pulse from the CPS. Howe­
ver, this shall not be discussed here any furt­
her. Finally, the most important parameter 
which is given by the properties of the CPS 
beam is the area in phase-space that the bucket 
must have when it approaches and enters 
the stacked beam. This area should not be 
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greater than the area of the bunch which the 
bucket contains. 
The phase-space area of a bunch in the CPS 
at top energy can be roughly determined from 
the signal observed at a wide band induction 
electrode. The result is that the area is essen­
tially equal to the theoretical value assuming 
ideal damping and a full bucket at injection. 
It follows from this, that the final area of 
a storage ring bucket when it enters the stack 
should be equal to the bucket area of the CPS 
at its injection energy (50 MeV). This area, 
in a (∆p/m0c, φ) phase is A = 5.5 × 10-3 rad. Now the area of a stationary bucket is 8 times 
its half-width in momentum and the area of 
a moving bucket with stable phase angle φs (measured from the zero crossing of the RF 
wave) is a times the area of a stationary bucket 
that has the same RF voltage. The factor a 
is given as a function of the parameter Γ = 
= sin φs by Symon and Sessler [3]. 
One finds then, using the theory given in 
reference [3] that the voltage per turn which 
is needed to form a bucket with area A is 
eV = E0
2A2πhξ (1) 128 Eα2 
with 
ξ= | 1 - 1 |, γt2 γ2 
where E0 is the particle rest energy, E the total energy and γ = E/E0. The rate of change of momentum is 
= A
2Γhξc , (2) p 256 γ2α2βR 
where βc is the speed of a particle. The frequen­
cy of phase oscillations becomes 
ƒp = Ahξc √cos φs (3) 32 παβR 
The results of eq. (1), (2) and (3) are listed 
in the table for E = 25 GeV and different 
values of T. 
3. NON REPETITIVE STACKING 
It is obvious from the table that the rates 
of change of momentum are too low for carrying 
every new pulse through the stack and up 
to its top in the available time, unless values 
of Γ rather close to one are used. Detailed 
calculations of stacking efficiency [4] have 
only been made so far for values of Γ not 
exceeding 0.5, but it is generally assumed that 
values of Γ much larger than this lead to bad 
stacking efficiencies unless a very large number 
of pulses is stacked. Although it is true that 
the number of pulses is, in fact, very large in 
this case — ideally up to 800 CPS pulses may 
be stacked in the available aperture—it is 
felt that it would be unsafe to rely entirely 
on stacking with Γ close to one. Instead, it 
seems preferable to design the RF system in 
such a way that stacking at Γ = 0,5 for 
example is possible, if so desired. 
This means that one must deposit every new 
pulse at the stack bottom by means of a non-repetitive 
scheme consisting of the following 
three parts: 
1. The particles are captured and accelerated 
in buckets of large area, yielding a large acce­
leration rate, for a time T1 until they are close to the stack. As the stack width is gro­
wing the time T1 is gradually shortened. 
2. The bucket area is then reduced, during 
a period of time T2, until it fits tightly around the bunch. 
3. The bucket — which now has the para­
meters of one of the columns of the table is 
maintained, and the particles are slowly acce­
lerated for a time T3, then the RF is turned off. 
Parameters yielding A = 5.5×10-3 
Γ 0 0.3 0.5 0.8 0.84 0.9 eV 8.4 29 75 850 1500 5000 (eV) 
P/P 0 0.11 0.48 8.7 16 58×10-3(s-1) 
ƒp 1.3 2.4 3.7 10 13 21 (Hz) 
The parameters during T1 can be chosen rather freely. Obviously, the time T1 is inver­sely proportional to the accelerating voltage, 
V1 during this period and one is led to choose a rather high voltage. The voltage is, however, 
limited by economic considerations. Also, the 
tolerances for programming the voltage and 
frequency during the slow-down period T2 become too critical if the acceleration rate is 
chosen too high during T1 As a good compro­mise, though a very uncritical one, a voltage 
of 20 kV and Γ = 0.5 might be chosen. This 
leads to a maximum value of T1 of 0.31 s to shift the beam all the way across the avai­
lable aperture. The time T2 is governed by the requirement that the reduction of bucket 
area must be done with very little decrease of 
phase-space density. An adiabatic change of 
parameters is the most convenient way of 
doing this in practice. 
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The problem of changing bucket parameters 
adiabatically has been treated — in linear 
approximation — by Hereward [5]. For a 
process which is conducted in such a way that 
the fractional change per period of instanta­
neous phase-oscillation frequency is kept con­
stant during the change it can be shown from 
the theory in reference [5] that the time T2 to change from the initial bucket to the final 
one is 
T - 1 + η ( 
1 1 ), (4) 1(1-η) ωp2 ωp1 
where ωp1 is the angular phase-oscillation fre­quency associated with the initial bucket, 
ωp2 is that of the final bucket and η is a quan­tity which, under certain assumptions [5], 
may be taken as the phase space efficiency of 
the process. Since ωp1 is much larger than ωp2 in all cases of practical interest, the time T2 is almost independent of the initial conditions. 
Assuming Γ = 0.5 and η = 0.9 one finds 
T2 = 0.41 s. 
There are two reasons why it is necessary to 
spend a period of time T3 carrying the final buckets a small distance into the stack before 
they are dropped. Firstly, the lower edge of 
the stack will not be exactly sharp. Instead 
there will be a tail in the distribution through 
which the pulse should penetrate, before it 
is deposited. In the absence of good knowledge 
about the energy distribution at the edge of 
the stack it is assumed — on the basis of rather 
qualitative arguments — that it is sufficient 
to complete the slow-down period T2 about ten ideal pulse widths before the RF turn-off 
point. The corresponding contribution to the 
time T3, at E = 25 GeV and Γ = 0.5, is 0.69 s. 
Secondly, unavoidable errors in programming 
the rate of acceleration during the period T2 lead to errors in the location, relative to the 
stack bottom, where the bucket has reached 
its final size. Therefore, in order to be certain 
that the bucket has shrunk to its final size 
before reaching the stack, one should aim at 
completing the period T2 a little too early and spend an additional time at the final parame­
ters. If one assumes an error of 2% in the 
acceleration rate during T2 and V1 = 20 kV one should allocate a time of 0.14 s for this 
purpose. 
Summing up all times one arrives at a total 
time of about 1.6 s which still leaves conside­
rable reserve. One might add another period 
of time for converting the final bucket into 
a stationary one and turning the RF off 
adiabatically. This time would be of the order 
of magnitude of the inverse phase oscillation 
frequency at Γ = 0. For energies lower than 
25 GeV it is found that the stacking time dec­
reases at first and then rises again when the 
transition energy is approached. However, 
one can come rather close to transition (about 
5%) before the stacking time becomes excessive. 
For energies larger than 25 GeV the stacking 
time rises slowly, but this is of no consequence 
here, since the cycle time of the CPS rises even 
faster, up to 5 s at the maximum energy of 
28 GeV. 
4. REPETITIVE STACKING 
Repetitive stacking schemes, in which every 
new pulse is carried through the stack up to 
its top, become possible if the parameter Γ 
can be made larger than about 0.8 (cf. the 
table). While it was originally believed that 
high values of Γ are excluded, it has been 
pointed out to us by K. R. Symon that stac­
king schemes involving values of Γ close to 
one are probably permissible because the num­
ber of pulses to be stacked is so very large. 
Exact computations of energy distributions 
resulting from stacking a large number of pul­
ses at high Γ do not seem to be available but 
K. R. Symon [61 proposes to use the following 
rough rule which results from interpolation 
of known situations at different Γ and is expec­
ted to be a safe estimate. 
The root mean square energy spread at the 
bottom edge of the stack, caused by the passage 
of n buckets of given Γ is assumed to be equal 
to; or smaller than, n times the half-area of 
a stationary bucket having the same voltage as 
the actual bucket divided by 2π. Since the 
average width of the stack is proportional to 
n and the spread proportional to √n one slow­
ly gains stacking efficiency with increasing n. 
Assuming n = 600 (corresponding to 30 min 
stacking at one pulse per 3 s) and Γ = 0.84, 
the above rule yields an rms spread equal to 
0.28 times the average width, which appears 
to be quite acceptable. In any case, full phase-plane 
density can always be obtained at any 
place of the stack if the stacking is carried 
on long enough and the particles in the tail of 
the distribution are allowed to be lost. 
It is obvious that a stacking scheme of this 
kind is much simpler than the one considered 
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in the preceeding section. In the simplest case 
one may keep constant voltage and constant 
rate of change of frequency all the way from 
injection to the top of the stack where the RF 
is always switched off at the same point. 
With Γ = 0.84 and E = 25 GeV it takes 
2.5 s — somewhat less than the cycle time 
of the CPS — to accomplish the maximum 
required momentum change of 4%. It can be 
seen from eq. (2) that the required time scales 
with energy as E2/ξ. As in the case of the non-repetitive 
scheme, the time decreases at first 
with decreasing energy and then rises again as 
the transition energy is approached. The same 
time as at 25 GeV is again required at an ener­
gy 7% above transition. 
Since one has to work close to the threshold 
value Γ = 1 where the bucket disappears 
small variations in Γ will result in large 
variations of bucket area and close tolerances 
have to be imposed on the constancy of voltage 
and rate of change of frequency. Fortunately, 
with the given parameters, the requirements 
are not unreasonable yet: at Γ = 0.84 one 
finds from the figures for a (Γ) tabulated in 
reference [7] that a 1% change in Γ leads to 
about 6.5% change in area. Since a given 
fractional increase of bucket area, occurring 
before the bucket has reached the stack, is 
equivalent to a dilution of phase space density 
by the same amount one should keep Γ con­
stant to about 2%, for instance, in order to 
keep a phase space efficiency of 87%. 
Thus, for programmed acceleration, the vol­
tage and the rate of change of frequency should 
be kept to about 2% tolerance. If phase lock 
should be used during part of the process, the 
corresponding requirement would be a tole­
rance of 1.8° in phase. These tolerances can 
certainly be kept by a well-designed RF sys­
tem. However, the situation would deterio­
rate rapidly, if still higher values of Γ were 
required. 
5. RADIO FREQUENCY NOISE 
The CPS, like other large synchrotrons, has 
a beam control system which locks the phase 
of the radio frequency to the bunches, so that 
blow-up of phase oscillations by frequency-modulation 
noise is largely eliminated. A si­
milar system can be used in the storage ring 
for trapping and for part of the acceleration. 
However, when the accelerating buckets app­
roach the stack, the stacked beam becomes more 
and more modulated by the RF and produces 
a signal in the pick-up electrode which supe­
rimposes itself to that due to the bunches 
and which may make phase-lock beam-control 
difficult or impossible. Programmed accelera­
tion must, therefore, be used for part of the 
process and frequency-modulation noise is a 
serious problem. 
The theory of RF noise has been treated by 
Hereward and Johnsen [8]. If the bucket 
paramet rs are kept constant during accelera­
tion — as in the repetitive scheme — and if 
the F. M. noise spectrum is constant over a 
range of modulation frequencies around the 
phase oscillation frequency, it is found that 
the mean square amplitude , of noise-indu­
ced phase oscillation after an acceleration 
time t is equal to 
= 2πøt. 
The quantity ø is given by 
ø = π , b 
where is the mean square frequency devia­
tion per bandwidth b of modulation frequen­
cies. If one is willing to tolerate a root mean 
square phase blow-up of 0.1 rad for instance 
and the acceleration time is 2.5 s, one must 
make ø ≤ 6.4 × 10-4s-1 which corresponds 
to a root mean square frequency deviation of 
0.14 Hz for a bandwidth b of 100 Hz. 
In the case of the non-repetitive scheme the 
situation is even worse, because the change 
from large to small bucket area during accelartion 
is found to lead to an increase of the 
noise-induced blow-up. Indeed, a given phase 
amplitude that is induced while the bucket is 
large and the bunch is wide in momentum and 
short in phase is increased together with the 
natural width of the bunch when it is made 
narrow and long by reducing the bucket area. 
For the RF programme considered in section 
3 one must make ø ≤ 2.3 × 10-4s-1 in order 
to keep the rms phase blow-up below 0.1 rad. 
These requirements are rather tight. It is 
believed, however, that they can be met by 
a carefully designed programme generator if 
full use is made of the fact that the total requi­
red frequency range is very narrow. 
6. LOW LEVEL ELECTRONICS 
The two stacking schemes that have been 
discussed should only be considered as typi-
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Fig. 1. Diagram of RF system for non repetitive stacking. 
cal examples of what one may want to do. 
Other schemes may be found advantageous 
and flexibility must be one of the main fea­
tures of any RF system for storage rings. 
Precise programming of the RF voltage is 
required in any case. 
In the case of the non-repetitive scheme of 
section 3 the voltage programme consists of 
a large and constant voltage during a time T1 a steeply falling voltage during T2 and again a constant but very small voltage during T3. About 50 db voltage range must be covered 
by the programme generator. The transition 
between the first and the second part of the 
programme can be controlled by a pulse deri­
ved from a measurement of the accelerating 
frequency. The frequency where the pulse occurs 
must be changed by a small amount after 
every stacking cycle. 
The moment when the RF is finally turned 
off may also be determined from a frequency 
measurement. However, it seems both possible 
and preferable to derive this moment from the 
signal induced in a pick-up electrode, making 
use of the fact that the induced signal disappears, 
when the bunches enter the stack. 
In the case of the repetitive scheme a constant 
voltage, switched off when the frequency has 
reached a fixed predetermined value, may be 
all that is required. In order to obtain the 
required precision it is necessary to tie the 
voltage across the accelerating gap to the output 
of the programme generator by means of an 
automatic gain control servosystem. 
At least during part of the accelerating pro­
cess a frequency programme is required. The 
rate of change of frequency must follow the RF 
voltage with about one to two percent precision. 
It seems convenient, therefore, to derive the 
frequency programme from the voltage pro­
gramme via an electronic integrator as shown 
on Fig. 1. If the frequency to voltage rela­
tionship of the F. M. oscillator is linear, the 
stable phase is kept constant. A variation of 
stable phase is, however, possible by means 
of a variable attenuator between the pro­
gramme generator and the integrator. 
Only 4.3 kHz frequency variation is needed 
to shift the beam all the way across the avai­
lable aperture. It seems, therefore, advanta-
409 
geous to compose the final frequency out of 
a fixed frequency ƒ0 (from a very stable quartz oscillator) and a rather low, variable, fre­
quency ƒ1 (e. g. 10 to 14.3 kHz from a wide range F. M. oscillator) by means of a mixer 
and filter. All frequency measurements can 
then be made at the frequency ft where the 
required relative precision is reduced by a fac­
tor ƒ1/ƒ0 compared to a measurement at the final frequency. Larger changes of frequency 
occur when the mean operating energy and 
hence the particle speed is changed. These 
changes are most conveniently done by adjus­
ting the frequency ƒ0. 
Phase lock beam control is needed at least 
for trapping the bunches arriving from the 
injector synchrotron and it must be possible to 
switch from phase lock to programmed accele­
ration at a suitable moment. This can be done 
with a system for automatic phase control, 
similar to the one which is used in the CPS, 
as shown on Fig. 1. The switch for disconnecting 
the phase lock error signal must be arranged 
in such a way that no sudden change in phase 
or frequency can occur when the switch is 
opened. The whole proposed RF system is shown 
schematically in Fig. 1. 
7. ACCELERATING CAVITIES 
The maximum accelerating voltage which 
might conceivably be required is of the order 
of 10 to 20 kV. The Q-factor of the accelerating 
cavities should be kept rather low — a typi­
cal value might be Q= 100 — in order to allow 
changes of the mean operating energy without 
retuning. Assuming that a total straight section 
lenght of 10 m is reserved in each storage 
ring for RF acceleration and that ordinary 
coaxial resonators are employed one arrives 
at a total maximum RF power consumption of 
about 10 kW typically. 
On the other hand, it must be possible to turn 
the RF voltage down to values below 100 V in 
a well-controlled fashion. In this connection, 
beam loading presents a rather serious problem. 
It seems possible, however, to reduce the 
beam-induced cavity-voltage to a tolerable 
amount by driving the cavity from an ampli­
fier with a very low source impedance. The 
amplifier, which has strong negative feedback 
and operates in class A condition must be 
expected to have a rather low efficiency but 
this is acceptable because the total required 
power is not very large. Alternatively, or in 
addition, one may have to rely on servosystems 
for phase and amplitude to tie the voltage across 
the gap to the input voltage of the power 
amplifier, regardless of the voltage induced 
by the beam. 
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DISCUSSION 
A. M. Stolov 
Is there a solution to constructing storage rings at 
CERN? 
K. J o h n s e n 
No decision about the construction of 25 GeV sto­
rage rings has been taken yet. The so-called European 
Committee for Future Accelerators has strongly recom­
mended to the CERN Council that Western Europe 
should take up the two projects: 1) storage rings 
added to the CERN-PS, 2) a 300 GeV proton synchro­
tron. This recommendation has been endorsed by the 
CERN Scientific Policy Committee, and we hope 
that the Council will soon start considering the 
recommendation. 
A. A. Kolomenskiĭ 
I would like to ask the authors of the reports about the 
CERN storage system: was the effect of Coulomb inter­
action between the recurrent underwater portion of the 
particles and the storage beam evaluated? 
A. S c h o c h 
This problem has not yet been considered. 
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